The B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ transitions of HC 13 H and HC 19 H have been measured in the gas phase, exhibiting broad, Lorentzian shaped bands. More extensive A 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ spectra have been observed for HC 2nϩ1 H (nϭ3 -6) than before with many new vibronic bands identified. The spectra were obtained by means of a mass selective resonant two-color two-photon ionization technique coupled to a supersonic plasma source. The electronic structures of this series of molecules (n ϭ2 -9) in both the ground and excited states have been investigated using DFT, MP2, and state-averaged CASSCF theories. The three lowest dipole allowed electronic transition systems are
I. INTRODUCTION
Unsaturated hydrocarbon chains are important intermediates in combustion processes, 1 plasma chemistry 2 and play an important role in the chemistry of the interstellar medium ͑ISM͒. 3, 4 Following the unsuccessful attempts to detect C 4 and C 5 in diffuse interstellar clouds, arguments were presented for much longer carbon chains to be of relevance as carriers of the diffuse interstellar bands ͑DIBs͒. 5 This proposal assumes that the oscillator strengths of low-lying electronic transitions of these chains increase in proportion to the chain length. While this is the case for the lowest electronic transitions of some classes of carbon chain, for others the transition of interest must be chosen carefully, as this article shows.
Bare carbon clusters, C 2 ͑Ref. 6͒ and C 3 , 7 have been detected in diffuse interstellar clouds by their optical absorption spectra. Carbon chains such as the C n H (nϭ2 -8) radicals have been detected in dark interstellar molecular clouds and in envelopes of evolved stars by radioastronomy. [8] [9] [10] Small members (nϭ1, 2) of the HC 2n H series have also been detected in the atmosphere of planets 11 and moons. 12, 13 The odd chains, HC 2nϩ1 H, are believed to exist in the ISM because their C 2nϩ1 H (nϭ0 -3) counterparts have been detected. The existence of highly unsaturated and reactive species is an essential characteristic of the ISM chemistry. Recently the gas phase electronic spectra of even polyyne HC 2n H (nϭ8 -13) and l-C 2nϩ1 H (nϭ1 -4) radicals have been studied in a molecular beam by a mass selective resonant two-color two-photon ionization ͑R2C2PI͒ spectroscopic technique. 14 -16 Compared to the even HC 2n H chains, the odd series is more reactive and cannot be synthesized in macroscopic quantities. They can only be detected in low temperature matrices or under supersonic molecular beam conditions. The electronic spectra of the
been observed in neon gas matrices. 17 The origin and strong CwC stretching vibronic bands ͑for nϭ3 -6) were subsequently observed by gas-phase cavity-ring-down ͑CRD͒ spectroscopy. 18 High quality ab initio calculations on electronic states for small members (HC 5 H to HC 9 H) of this series have been carried out at the MRCI level of theory. [19] [20] [21] In addition to the first dipole-allowed electronic transitions, 
HC 2nϩ1 H (nϭ3 -6), which were not observed in previous neon matrix or CRD experiments, have been observed using the R2C2PI technique.
II. EXPERIMENT
The experimental set-up has been described. 14 It consisted of a molecular beam combined with a linear time of flight mass-analyzer ͑TOF͒. A gas mixture pulse of 0.3% of acetylene or diacetylene in Ar ͑backing pressure 8 bar͒ was expanded through the ceramic body of the source comprising two steel electrodes to which a discharge voltage was applied. The emerging beam containing HC 2nϩ1 H chains entered the ionization region through a 2 mm skimmer. The neutral molecules were then ionized by the R2C2PI method and the ions extracted in a two-stage acceleration setup towards an multichannel plate ͑MCP͒ detector.
R2C2PI spectra were recorded in the UV ͑282-350 nm͒ and visible ͑410-740 nm͒ ranges. Excitation photons were delivered by the frequency doubled output of a dye laser ͑bandwidth ϳ0.1 cm Ϫ1 ) pumped by a Nd:YAG laser or a commercial OPO system ͑bandwidth 0.05 cm Ϫ1 ). The ionizing photons of wavelength 157 nm ͑or 193 nm͒ were delivered by an F 2 ͑or ArF͒ excimer laser or 212 nm produced by sum frequency generation of the second harmonic and fundamental of the 637 nm output of a dye laser pumped by the second harmonic of a Nd:YAG laser. Both excitation and ionizing lasers were unfocused.
III. THEORETICAL CALCULATIONS

A. Ground states
Ab initio calculations were carried out using the GAUSS-IAN 98 suite of programs 22 at the MP2 ͑Ref. 23͒ and DFT-B3LYP ͑Ref. 24͒ levels of theory using the 6-31G* basis set. 25 These calculations show bond-length alternation for both the MP2 and DFT-B3LYP levels of theory. In the MP2 calculations the alternation between bond-lengths is more pronounced in comparison to the DFT-B3LYP calculations. The harmonic frequencies in the ground states for HC 2nϩ1 H (nϭ2 -6) were calculated using MP2/6-31G* and DFT-B3LYP/6-31G*.
26
B. Excited states
Ab initio calculations of the electronically excited states were undertaken using the MOLPRO package. 27 The 3 ⌺ u Ϫ state are admixtures of configurations which arise from excitation from the fully occupied levels, (nϪ1) g ͑or (nϪ1) u ) to the semioccupied molecular orbitals ͑SOMO͒, n u ͑or (nϪ1) g ), and excitation from the SOMO, to the lowest unoccupied molecular orbital ͑LUMO͒, n g ͑or n u ). Excitation from the SOMO to the second lowest unoccupied molecular orbital ͑SLUMO͒, g ͑or u ), results in the C 3 ⌸ u excited states. The calculated ordering in energy for HC 5 H is reversed for the B 3 ⌺ u Ϫ and C 3 ⌸ u states, yet this notation is retained for clarity.
Vertical electron excitation energies were calculated at the ground state geometry for the triplet multiplicity only. These were obtained at the state-averaged CASSCF/6-31G* level of theory, 28, 29 in the D 2h group of symmetry. The calculations implemented an active space including 10 electrons in 12 orbitals for HC 5 H to HC 19 H. The calculated vertical excitation energies are listed in Table I . For the smaller members of the series, the A 3 ⌺ u Ϫ , B 3 ⌺ u Ϫ , and C 3 ⌸ u excited states are located in the visible, UV, and VUV spectral range, respectively. A comparison of the calculated transition energies with available experimental data is given in Fig. 1 . The values calculated at the CASSCF level of theory are systematically high by ϳ0.5 eV for the
Ϫ system compared to the available experimental values. For comparison the transition energies for HC 5 H to HC 9 H calculated at the MRCI level of theory [19] [20] [21] have also been given in Fig. 1 . Good qualitative agreement between the theoretical and experimental results, with respect to behavior with system size, have been achieved in the present calculations ͑Fig. 1͒. 
IV. RESULTS AND DISCUSSION
A. The B 3 ⌺
Spectra of the second dipole-allowed electronic transition, the B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ system, are shown in Fig. 3 . Since experimental measurement is difficult in the far UV, just a few of the larger chains were studied.
In contrast to those of the A 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ system, these have broad band profiles. In the case of HC 13 H, the spectrum was recorded with different pulse energies, from 1 mJ up to 5 mJ. No significant power broadening was observed. Thus the line shape is intrinsic and Lorentzian in nature. The full width at half maximum ͑FWHM͒ is about 160 cm Ϫ1 , indicating a ϳ60 fs lifetime for the excited state. Predissociation can be excluded because mass-selective detection is used and no fragment peaks were observed at the same wavelength for species of mass Ͻ158. Internal conversion is responsible for this electronic relaxation and is efficient due to the number of high-lying electronic states and number of vibrational degrees of freedom. After excitation into the B 3 ⌺ u Ϫ state, the energy is converted into vibrational energy in the ground state on a subpicosecond time scale. Experimental evidence for this was observed: the ion signal did not change when the delay between the excitation and ionization laser was varied from a few nanoseconds up to 10 s and one color signal could not be detected although the energy of two UV photons is higher than the IP of HC 13 H (Ͻ8.15 eV). Unlike in the one-color scheme, the two color signal was detected because the Franck-Condon factor for the ionization step (បϭ7.9 eV) becomes favorable upon crossing to the ground state.
The transition energies of the B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ system decrease and the oscillator strengths increase with the chain size. It can be predicted that for larger members of this series, the spectra of the B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ system will be located in the visible region. The large predicted oscillator strength of the B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ transition suggests that they may be observable by absorption spectroscopy. If it is assumed that the theoretical values are on the order of 1.3 eV too high, then an extrapolation to long chains reveals that this transition of the HC 2nϩ1 H may enter the visible region near HC 25 H. Of particular interest is the prediction that the spectra of the B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ transition is extrapolated to near the 4428 Å DIB between HC 29 H and HC 31 H. Recently high-quality spectra of the 4428 Å DIB have been reported. 33 The intrinsic profile of this DIB is Lorentzian, with an average FWHM being 17.25 Å (ϳ90 cm Ϫ1 ). 33 The central wavelength and depth and FWHM of the 4428 Å DIB are invariant with the color excess. These points imply that a molecular carrier in the gas phase is responsible. 
B. Importance of configuration interaction in excited states of open shell -systems
As demonstrated for small odd polyynes [19] [20] [21] and confirmed in the present study for larger systems, configuration interaction is of the utmost importance in describing the lowest dipole allowed transitions and has a profound effect upon the calculated oscillator strengths of these transitions. This effect was predicted for odd-numbered, alternant, radical conjugated systems, 30 such as those studied in the present paper. For other systems where the first two excited configurations are not, in general, degenerate, the effect is of second order.
The behavior of the oscillator strengths seen in the odd polyynes is also seen in a variety of other open shell -systems. The oscillator strengths of linear C 4 were investigated in detail. 34 Linear C 4 possesses only six electrons and therefore has a 3 ⌺ g Ϫ ground state, similar to the molecules presented here. A node was found on the transition moment surface of the lowest 3 ⌺ u Ϫ ← 3 ⌺ g Ϫ transition near the equilibrium geometry, highlighting the difficulty of predicting small oscillator strengths. Upon distortion of the geometry, the oscillator strength of the higher energy 3 
transition was seen to be robust. It may be concluded, therefore, that only the strong calculated oscillator strength may be taken as a reliable prediction of spectral intensity. The strong configuration mixing is also seen in C 6 , which is of a similar electronic configuration to C 4 . 35 Removal of one electron from this system leaves the cation in a doublet state. It has been shown that the C 6 ϩ system possesses analogous transitions to the neutral species with similar behavior with respect to their oscillator strengths. 36 The odd, bare carbon chains, C 2nϩ1 , do not exhibit this effect, since they are closed shell.
The monohydrogenated even chains, C 2n H, have doublet ground states with an unpaired electron ͑hole͒ residing in the system. A study of C 6 H ͑Ref. 37͒ showed that the two relevant electronically excited configurations do not strongly mix. The resulting transitions ͑2→3 and 3→4͒ are computed to be at 2.556 eV and 3.43 eV, both possessing medium oscillator strengths. The difference between this system and the bare carbon chains is the size of the HOMO-LUMO gap. A widening of the HOMO-LUMO gap is a signature of the bond-length alternation induced by the hydrogen end group. The HC 6 H ϩ cation behaves in a similar way to C 6 H. 37 Of the odd monohydrogenated chains C 5 H, 38 which has a ground state configuration¯3 1 , configuration mixing is exhibited for states resulting from the 2→3 and 3→4 electron promotions. This is not strong, though, which may be a reflection of the differing bond length alternation pattern between the monohydrogenated and dihydrogenated series.
It may be seen that the systems affected by the configurational mixing are those which possess two electronically excited configurations of near identical orbital energy. Those systems are the cumulenic even carbon chains and their cations, and the odd polyyne species. Following this logic, the HC 2nϩ1 H ϩ cations should exhibit the same effect, but this is yet to be shown.
C. Other electronic states
The positions of the electronic states 1 3 ⌬ u and 1 3 ⌺ u ϩ were predicted to be close to that of A 3 ⌺ u Ϫ , but these two states are dipole forbidden for optical transition. The third dipole allowed electronic transition is the
The energies of the C 3 ⌸ u ←X 3 ⌺ g Ϫ system are predicted to slightly increase with the chain size and the f -values decrease only slightly ͑Fig. 2͒. This is because it is a valence to Rydberg transition while New bands were observed in the A 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ transition system measured previously in the gas phase by cavity ringdown spectroscopy. 18 While many of these are assigned as hot-bands, several new members of acetylenic progressions were observed. In particular, the spectrum of HC 7 H was observed with a signal to noise ratio of Ϸ1700, allowing many hot-bands and bending vibrations to be identified.
HC 7 H
The HC 7 H R2C2PI spectrum has a complicated structure ͑Fig. 4͒. The origin region shows a number of additional peaks on the low energy side which are assigned to sequence bands. This structure is repeated for all other identifiable vibronic bands in the spectrum and thus arises from the same structural isomer and electronic state. Bands in Fig. 4 are labeled sequentially from the origin to higher energy. Bands to lower energy than the origin are labeled with a prime.
Bands 2 and 3 are assigned to C-C-H bending modes with u ͑or g symmetries͒, which are denoted 2 ␣ and 2 ␤ . This assignment is based on neon matrix spectra of the deuterated analogs of HC 7 H. 17 Band 4 is assigned as the 4 0 1 transition. The 4 mode is the lowest g vibrational mode, with a frequency of 638 cm Ϫ1 . These bands and other new observations are listed in Table II . Based on the R2C2PI observations, an upper limit of 8.3 eV can be placed on the ionization potential of HC 7 H.
HC 9 H
The R2C2PI spectrum of HC 9 H is shown in Fig. 4 . Only three bands were observed. Of these band 3 has been observed for the first time in the gas phase and is assigned to the 3 0 2 transition, corresponding to acetylenic stretching motion. The observed bands are listed in Table II . This spectrum was only observed using 212 nm as the ionizing wavelength due to excessive background with 157 nm or 193 nm. An upper limit of 8.0 eV may thus be placed on the IP of this species.
HC 11 H
The R2C2PI spectrum of HC 11 H is shown in Fig. 4 . There is a vibrational progression to higher energy of three quanta. Each band is twinned with a smaller counterpart 90 cm Ϫ1 to the red. This structure was not observed in the origin region, and thus its assignment is not clearly a hotband.
Bands 5 and 7 have not been observed before and are assigned to the 3 0 n progression. The observed position of band 3, 3 0 1 , ͑579.04 nm͒ differs by nearly 1 nm from that observed by CRD spectroscopy ͓579.907͑10͒ nm͔. 18 The IP of HC 11 H is expected to be lower than that of HC 9 H, but it likely to be greater than 7.9 eV ͑157 nm͒.
HC 13 H
The R2C2PI spectrum of HC 13 H is similar to that of HC 11 H and is shown in Fig. 4 . There is a stretching progression consisting of twin peaks, as above. The spacing in this case is 65 cm Ϫ1 , the lower energy peak assumed to be a hot-band. Band 5 is observed for the first time in the gas phase and is assigned to 4 0 2 , the acetylenic stretch. An upper limit of 8.15 eV may be placed on the IP of HC 13 H since its A 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ spectrum could be measured using 193 nm as the ionizing wavelength. Most likely, though, it is below the 8.0 eV limit determined for HC 9 H.
V. ASTRONOMICAL IMPLICATIONS
The visible electronic spectra in the gas-phase provide a database for an astronomical search. However, the observed electronic spectra do not precisely match any known DIBs. 40 This does not necessarily mean that these species do not exist in the ISM. An upper limit of the column density can be estimated for the molecules in diffuse clouds. The oscillator strengths of the 0-0 band of the observed A 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ electronic transitions have been calculated to be in the range 0.02-0.001. Assuming an equivalent width of 1 mÅ ͑sensi-tivity limit of DIB's detection͒, 41 the upper limit of column densities of HC 2nϩ1 H in such diffuse clouds would be 10 13 cm Ϫ2 . Since the column density of l-C 3 H is determined as 5ϫ10 12 cm Ϫ2 in a dark cloud ͑TMC-1͒ and Ͻ8.7 ϫ10 11 cm Ϫ2 in diffuse clouds 42 and those of l-C 5 H and l-C 7 H in TMC-1 have been reported as ϳ5.8ϫ10
12 cm
Ϫ2
and Ͻ1.5ϫ10 11 cm Ϫ2 , respectively, 8, 43, 44 and if one assumes that the l-C 2nϩ1 H chains are produced by photodissociation of HC 2nϩ1 H, the estimated upper limit of column densities of HC 2nϩ1 H (nϭ3 -6) seem to be reasonable.
The similarity between the band profile of the B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ transition and that of 4428 Å DIB band shows that the B 3 ⌺ u Ϫ ←X 3 ⌺ g Ϫ transitions of the long odd polyyne chains fit the constraints imposed by the profile of some broad strong DIBs. The larger members of the odd polyyne chains may be considered candidates as carriers of some of the broad and strong DIBs. 
